Waterborne enteric viruses may pose disease risks to bather health but occurrence of these viruses has been difficult to characterize at recreational beaches. The aim of this study was to evaluate water for human virus occurrence at two Southern California recreational beaches with a history of beach Detection frequencies at Doheny Beach were 25.5% (adenovirus) and 22.3% (norovirus), and at Avalon Beach were 9.3% (adenovirus) and 0.7% (norovirus). Positive associations between adenoviruses and fecal coliforms were observed at Doheny (p ¼ 0.02) and Avalon (p ¼ 0.01) Beaches.
INTRODUCTION
Enteric viruses can enter recreational waters from runoff or sewage and pose risks to human health (Okoh et al. ) .
Some of the viruses with a history of causing human waterborne illnesses like gastroenteritis are in the Adenoviridae, Astroviridae, Caliciviridae, Picornaviridae, and Reoviridae families (Bosch ; Okoh et al. ) . Exposure to even low doses of these viruses in water can cause infections.
For example, the probability of human infection from a single virus is as high as 30% for rotavirus (Gerba et al. ) and 50% for norovirus (Teunis et al. ) .
Los Angeles and Orange Counties, California, USA, are in a heavily urbanized region with a favorable climate and 160 km of coastal shoreline that attracts recreational bathers in large numbers. Self-limiting diseases, like many of the gastrointestinal, skin, and respiratory illnesses acquired by beachgoers, may not require medical attention and therefore go unreported to public health agencies. However, it is estimated that beachgoers in Southern California experience between 627,800 and 1,479,200 gastrointestinal illnesses each year (Given et al. ) . Epidemiologic studies in Southern California have confirmed infectious disease risks and health effects associated with water contact for beachgoers (Colford et al. ; ) .
To protect bathers, the United States Environmental Dufour ; USEPA ). Molecular tools to detect these bacteria have been developed (Haugland et al. ; Noble et al. ) and benchmarked to health outcomes (Wade et al. , ) . However, the actual agents that cause disease among bathers have not been well characterized.
Research suggests that human viruses may be a major contributor (World Health Organization ), and a quantitative microbial risk assessment has recently identified enteric viruses as potentially responsible for observed illnesses in swimmers (Soller et al. ) .
The aim of this study was to quantify the occurrence of human adenoviruses and human noroviruses at two Southern California recreational beaches. This work also applied the newly developed Nanoceram © (Argonite Corp.) positively-charged cartridge filter for viral monitoring of beach water. This filter has been demonstrated to be highly efficient for the concentration and recovery of noroviruses from large volumes of marine waters using a modified adsorption-elution method described previously (Gibbons et al. ) . To our knowledge this is the first report of using a Nanoceram © cartridge filter for the detection of human adenovirus and human norovirus during a beach monitoring study. This study aimed to compare the occurrence of viruses with other microbial water parameters at beaches impacted by non-point source contamination.
METHODS Site description and sample collection
Doheny and Avalon Beaches, CA, were selected because of their high summer use, history of beach postings or closures, and potential impact from non-point source pollution.
Sampling events were scheduled on weekends and during summer months because these dates are most popular among beach visitors (Dwight et al. ) . Beach were collected along a beach transect (Figure 1( To elute viruses at UNC, an additional 150 mL of BE was added to the existing 350 mL BE transport medium solution, and the liquid was recirculated through the cartridge filters using a peristaltic pump. The sample pH was adjusted to pH 9.5 using 1 M NaOH during recirculation, and maintained at pH 9.5 for 15 min (changing the flow direction every 5 min). Sample eluents were then transferred to a 1 L bottle, and the pH was adjusted to pH 7.3 using a 1 M 
Adenovirus detection by nested PCR
Adenovirus (species A-F) were detected using previously Quality assurance and quality controls
Environmental parameters
The UNC laboratory was set up as described in the USEPA manual for quality assurance for using PCR methods applied to environmental samples (USEPA ). Each step in the processing of the sample was physically separate: separate rooms were used for mixing PCR reagents, field sample pro- 
RESULTS

Virus detection at beaches
Adenoviruses and noroviruses were detected in 25.5 and 22.3%, respectively, of water samples at Doheny Beach, and in 9.3 and 0.7% of water samples at Avalon Beach, respectively, ( Table 1 ). The larger proportion of virus-positive samples at Doheny Beach may be a function of differences in fecal pollution sources at the two beaches and the fact that larger water sample volumes were analyzed by molecular methods at Doheny Beach than Avalon Beach.
Fþ and somatic coliphages were detected in 26.7 and 82.8% of samples at Doheny Beach, and 56.9 and 41.5%
of samples at Avalon Beach, respectively. Among samples with detectable concentrations, the median concentrations of Fþ coliphages were the same at the two beaches (0.3 MPN/100 mL), and median concentrations of somatic coliphages were similar (4.9 and 3.1 MPN/100 mL at Doheny and Avalon Beaches, respectively) ( Table 1) .
Effects of sampling location on virus detection
No noroviruses (zero of seven samples) and only one adeno- 
Effects of time of day
There was a significant time of day effect, in which Fþ and somatic coliphage concentrations and detection frequencies decreased throughout the day at both beaches (Figure 3(c) and (f)), presumably due to inactivation by sunlight. respectively). At Avalon Beach, no time of day effects were observed for adenoviruses. Noroviruses were detected in one 07:00 hours sample and one 15:00 hours sample, which was not enough to perform statistics.
Effect of sample depth
To explore potential differences in exposure between wading versus swimming, a 'waist-deep' water sample (1 m depth) was collected at noon at the same time as a 'knee-deep'
water sample (0.5 m depth) at Avalon Beach. For samples collected at the same time, there was no significant effect of sample depth on coliphage concentration (Fþ coliphage, concentrations and frequencies, results of both sample depths were pooled for analyses. Adenovirus detection frequencies at the two sample depths were not significantly associated (p ¼ 1). Similarly, norovirus detection frequencies at sampling depths were not significantly associated (p ¼ 1). There were no remarkable environmental conditions on Adenovirus 8.8 77 n/a n/a 12.3 65 n/a n/a 1.0 n/a Norovirus 0 77 n/a n/a 1.5 65 n/a n/a 1.0 n/a that day, which was overcast at 07:00 hours with calm seas and a light wind, at 13:00 hours the sky was clear, and at 15:00 hours a moderate breeze and moderate choppy waves were recorded. At some sites and some times of the day kelp cover was observed, the water was green or blue/ green, and some litter was seen in the water in the morning.
Day of study
At Avalon Beach, noroviruses were rarely detected and adenoviruses were detected often, but rarely at frequencies higher than 25% in any sampling day (Figure 4(d) ). Comparing coliphage frequencies (Figure 4(b) and (e) Environmental parameters were not consistently collected at Doheny Beach, but were at Avalon Beach.
At Avalon Beach, significant associations among adenoviruses, FIB, and coliphages were determined using a GEE model. The probability of detecting adenovirus was significantly associated with higher fecal coliform concentrations 
Relationship between human viruses and recreational water guidelines
Relationships between viruses and recreational water guidelines were further studied using 2 × 2 tables (Tables 3 and 4) .
At Doheny Beach, 35.5 and 34.4% of samples from sites without a beach advisory were positive for norovirus and adenovirus, respectively (Table 3) (Table 4) , mainly because there were too few samples collected with enterocci levels greater than 104 colony forming units (CFU)/100 mL. Only one of the 25 and 21 At Avalon Beach, only samples collected at 0.5 m depth were used for comparability to enterococci data in Table 4 . ), and may indirectly affect bather health risks. Morning water samples of FIB had stronger relationships to health outcomes than afternoon water samples at Doheny Beach (Colford et al. ) . In the present study, the relationship between time of day (i.e., a proxy for solar radiation) and virus survival was observed within sampling days at both beaches; coliphages were more prevalent in morning samples at both beaches and decreased throughout the day, although a comparison to solar radiation is needed to strengthen this finding. Given the presumed effects of sunlight on microorganisms, the timing of water sampling (i.e., sampling in the morning instead of the afternoon) is an approach water managers should consider.
While it may appear from our study that coliphages were more susceptible than human viruses to photoinactivation, this is likely an artifact of the methods used. Coliphages were measured using infectivity methods, while viral RNA or DNA was measured for human viruses using molecular methods. In sunlit seawater microcosms, the qPCR signal from RNA or DNA of viruses and bacteria persisted longer than their infectious counterparts (Walters et al. ) . This is because the short sequences used for qPCR detection do not allow for detecting damage in DNA that could eventually affect the infectivity of the microbe (Rodríguez et al. ) .
When infectivity assays were used for measuring Adenovirus 2 and coliphage MS2 in laboratory microcosms, similar photoinactivation rates were observed (Love et al. ) . An important limitation of this study, and many previous ones, is that water body characteristics vary greatly, and not all variations could be captured. Current monitoring practices that involve single grab samples for a single type of FIB may not be capturing the complexity in coastal beach environments or be associated with enteric virus presence and concentrations. Another potential limitation of the study was not accounting for environmental inhibition of molecular analysis in several ways: by not measuring inhibition within individual samples, and by assuming one nucleic acid extraction method would be optimal for removing inhibitors to both adenovirus and norovirus amplification, at both beaches, which some authors later found not to be the case (Rodríguez et al. b) . 
